Efficient entry of the bacterium Yersinia pseudotuberculosis into mammalian cells requires the binding of the bacterial invasin protein to ␤ 1 integrin receptors and the activation of the small GTPase Rac1. We report here that this Rac1-dependent pathway involves recruitment of phosphoinositol-4-phosphate-5-kinase (PIP5K) to form phosphoinositol-4,5-bisphosphate (PIP 2 ) at the phagocytic cup. Reducing the concentration of PIP 2 in the target cell by using a membrane-targeted PIP 2 -specific phosphatase lowered bacterial uptake proportionately. PIP 2 formation is regulated by Arf6. An Arf6 derivative defective for nucleotide binding (Arf6N122I) interfered with uptake and decreased the level of PIP 2 around extracellular bacteria bound to host cells. This reduction in PIP 2 occurred in spite of fact that PIP5K appeared to be recruited efficiently to the site of bacterial binding, indicating a role for Arf6 in activation of the kinase. The elimination of the Rac1-GTP-bound form from the cell by the introduction of the Y. pseudotuberculosis YopE RhoGAP protein could be bypassed by the overproduction of either PIP5K or Arf6, although the degree of bypass was greater for Arf6 transfectants. These results indicate that both Arf6 and PIP5K are involved in integrin-dependent uptake, and that Arf6 participates in both activation of PIP5K as well as in other events associated with bacterial uptake.
Introduction
A number of enteric pathogens, including the Gram-negative bacterium Yersinia pseudotuberculosis , enter host cells as a central step in the disease process. Enteropathogenic Yersinia species translocate across the intestinal epithelium in mammalian hosts, allowing replication in local lymph nodes, as well as spread into deep organ sites, resulting in systemic diseases (1) (2) (3) (4) . Efficient entry into intestinal lymph nodes requires the bacterial outer membrane protein invasin (4) . In culture, engagement by invasin of a subset of heterodimeric integrin receptors, each having the identical ␤ 1 chain, results in phagocytic uptake (5) .
Binding to invasin appears to occur at a site on the integrin that is recognized by natural ligands such as fibronectin and laminin, although the binding affinity for invasin is significantly higher than that observed for natural ligands (6, 7) .
After integrin receptor engagement, intracellular signaling events are required for uptake to proceed. Multimerization of invasin stimulates bacterial uptake, implying that clustering of receptor is involved in promoting a signal (8) . Consistent with a signal being sent directly from the receptor, mutations in the cytoplasmic domain of the integrin ␤ 1 chain alter the rate of uptake (9, 10) . Tyrosine kinase activity is also required (11) (12) (13) (14) (15) . Finally, Rho family GTPases regulate uptake, as Yersinia that encode the translocated YopE RhoGAP protein are strongly blocked from internalization (15, 16) . Evidence has been provided that inactivation of Rac1 is the primary block in uptake caused by the translocation of YopE into target cells (15, 17) .
Rho family GTPases regulate a wide variety of actindependent events, including phagocytosis (18) . In the case of one of these family members, Cdc42, there is a clear model 604 PIP 2 and Arf6-dependent Bacterial Uptake for how GTP binding leads to induction of actin polymerization. Phosphoinositol-4,5-bisphosphate (PIP 2 ), in collaboration with activated Cdc42 or the SH3-SH2 adaptor protein Nck, can relieve autoinhibition from WASP family members, resulting in activation of the Arp 2/3 complex (19) (20) (21) (22) (23) . Although Arp 2/3 is clearly recruited to the site of bacterial binding, invasin-mediated uptake can occur in the presence of dominant inhibitory forms of Cdc42 and in a cell line lacking WASP and N-WASP (17) . Therefore, an alternate route must exist for how engagement of integrin receptors leads to stimulation of actin polymerization.
Rac1 is recruited and activated after Y. pseudotuberculosis contacts its integrin receptor (17) , but the details of how Rac1 controls cytoskeletal events associated with invasinmediated uptake might be more complicated than the Cdc42 model. For instance, cofilin is inactivated via activation of the Rac1 effector PAK, inhibiting actin depolymerization (24) . Furthermore, Rac1 may activate Arp 2/3 via a proposed Scar2-IRSp53 complex similar in nature to the Cdc42 pathway (25) . Finally, Rac1 activation appears to stimulate the formation of PIP 2 in some manner (26, 27) . This can lead to inhibition of actin-severing activities, uncapping of barbed actin ends (28) , activation of cytoskeleton-associated proteins (29) , and cross talk with the Cdc42-dependent pathway for filament assembly (19) .
The synthesis of PIP 2 in the cell occurs primarily at the plasma membrane through the action of type I phosphatidylinositol 4-phosphate 5-kinases (PIP5Ks), of which there are three isoforms ( ␣ , ␤ , and ␥ ; 30). Regulation of the kinase seems to occur at two levels. First, it has been shown that Rac1-stimulated actin polymerization in platelet extracts is mediated through the action of PIP5K (27) . Second, the small GTPase Arf6 stimulates PIP5K activity, inducing cytoskeletal rearrangements thought to result from the PIP 2 product (31) . Stimulation of PIP5K activity appears sufficient to initiate actin polymerization, as overproduction of PIP5K in the cell results in the Arp 2/3-dependent formation of actin comet tails initiating from intracellular vesicles (32) . Interestingly, a constitutively active form of Arf6 is able to induce comet tail formation (33) , but this occurs in the presence of antibodies directed against PIP 2 . Therefore, although Arf6 and PIP5K activities are linked to actin assembly, Arf6 presumably stimulates actin dynamics in both PIP 2 -dependent and -independent fashions.
Arf6 and PIP 2 have been implicated in controlling phagocytic events. Constitutively active and GTP-binding defective forms of Arf6 inhibit Fc ␥ receptor-promoted uptake in macrophages (34, 35) . Similarly, PIP 2 and PIP5K ␣ have been found localized around IgG-coated erythrocytes during phagocytosis, which is mildly inhibited by a phosphatase specific for PIP 2 (36) , and a catalytically inactive form of the PIP5K ␣ isoform has been demonstrated to inhibit Fc ␥ phagocytosis (37) . In this study, we demonstrate that Rac1-controlled uptake of a bacterial pathogen can be regulated by levels of PIP5K and Arf6 in the cell. Efficient uptake requires that these proteins and their overproduction bypasses the requirement for Rho family GTPases in integrin-promoted uptake.
Materials and Methods
Cell Culture, DNA Constructs, and Transfections. Culture and transfection of COS1 cells were performed as previously described (17) . The HA-tagged mammalian expression plasmids pcDNA PIP5K ␣ WT and pcDNA PIP5K ␣ D227A, encoding derivatives of the mouse PIP5K ␣ cDNA, were obtained from C. Carpenter (Beth Israel-Deaconess Hospital, Boston, MA). Plasmids containing derivatives of PIP5K ␥ were obtained from R. Anderson (University of Wisconsin Medical School, Madison, WI). HA-tagged pcDNA-Arf6 was obtained from C. D'souzaSchorey (University of Notre Dame, Notre Dame, IN). The plasmids pEGFP-Akt-PH, pEGFP-PLC ␦ PH, pEGFP-PLC ␦ PH K32E, pEGFP-Lyn, and pEGFP-Lyn-phosphatase were provided by T. Meyer (Stanford University, Stanford, CA). pEGFP-Lyn encodes the 10-amino acid myristoylation/palmitoylation sequence from Lyn fused to EGFP. pEGFP-Lyn-phosphatase encodes a PIP 2 -specific 5 Ј -phosphatase from yeast Inp54p linked to myristoylation/palmitoylation sequence from Lyn. A CFP version of Lyn-phosphatase was obtained from A. Jeromin (Mount Sinai Hospital, Toronto, Canada). pCGT-Rac1, pCGT-Rac1 V12, and pCGT-Rac1 T17 were obtained from J. Bliska (The State University of New York, Stony Brook, NY). The bacterial expression vector pYopE, which encodes YopE under ptac promoter, was obtained from J. Mecsas (Tufts University, Boston, MA). HA-tagged pcDNA-Arf6 N122I, described in Honda et al. (31) , equivalent to the nucleotide-free N121I mutation in Ras, was generated using the Stratagene Quikchange site-directed mutagenesis kit, using pcDNA-Arf6 as the template. Construction of other plasmids are detailed in the Supplemental Materials and Methods, available at http://www.jem.org/cgi/content/full/ jem.20021363/DC1.
For most assays, virulence plasmid-cured Y. pseudotuberculosis YPIII(P Ϫ ) (38) was cultured as previously described (17) . Derivatives of plasmid-harboring Y. pseudotuberculosis YP17 (YPIII(pYV ϩ ) yopT Ϫ yopE:: kan yopH :: cam ) were grown on Luria Bertani plates at 26 Њ C for 2 d. For YP17/pYopE, media were supplemented with 100 g/ml ampicillin. 24 h before infection, a single colony was inoculated into Luria Bertani broth containing 100 g/ml ampicillin and allowed to grow with shaking at 26 Њ C overnight. Bacteria were then subcultured in media supplemented with 2.5 mM CaCl 2 until OD 600 ϭ 0.1 and then shaken at 37 Њ C for an additional 2 h to induce the Y. pseudotuberculosis type III secretion system (15) . No isopropyl-␤ -d -thiogalactopyranoside was added to the bacteria to induce YopE expression because leaky expression of YopE from pYopE was sufficient to inhibit bacterial uptake.
Immunofluorescence Protection Assay of Bacterial Uptake. Immunofluorescence-based bacterial uptake assays were performed as previously described (17) . For 20-min infections, transfected COS1 cells plated on coverslips were incubated with bacteria at a multiplicity of infection (MOI) of 50:1 at 37 Њ C, and the incubation was allowed to proceed for 20 min before three washes with PBS and fixation, as previously described (17) . For 80-min infections, the procedure was identical, except that the MOI was reduced to 10:1. The MOI was calculated based on the number of COS1 cells plated before transfection, and assuming the bacterial titer ϭ 5 ϫ 10 8 bacteria/ml for a culture grown to A 600 ϭ 0.7. Because there was some loss of the cells during the transfection Wong and Isberg process, the MOI was effectively somewhat higher than that stated. After fixation, the coverslips were blocked (17) Assay for Colocalization of Mammalian Proteins with Cell-associated Bacteria. Infected cells on coverslips were processed as previously described (17) . To determine the localization of PIP5K ␣ on phagosomes, 50 partially internalized and/or 50 completely engulfed bacteria were scored for colocalization of PIP5K ␣ -green fluorescent protein (GFP). Data are the mean of determinations from three coverslips for each sample. Partially internalized bacteria were identified as bacteria that had circumferential staining with anti-Y. pseudotuberculosis after permeabilization (complete cascade blue staining), but only had a portion of the bacterial cell stained with anti-Y. pseudotuberculosis when probed before permeabilization (partial tetramethylrhodamine-5-isothiocyanate [TRITC] staining). Completely engulfed bacteria showed no detectable staining with anti-Y. pseudotuberculosis added before permeabilization. For fully internalized bacteria, a phagosome was determined to show colocalization with PIP5K ␣ -GFP if there were GFP staining encompassing the entire bacterium. For partially internalized bacteria, colocalization of PIP5K ␣ -GFP was scored as positive if the region of the bacterium that resisted probing with anti-Y. pseudotuberculosis in the absence of permeabilization showed GFP fluorescence. For assays in which only extracellular (surface bound) bacteria are analyzed, the bacteria are deemed to be extracellular only if they show circumferential staining with anti-Y. pseudotuberculosis when probed before permeabilization (complete TRITC staining with no protection of staining by the mammalian plasma membrane). In assays focusing on such extracellular bacteria, PIP5K ␣ -GFP exhibited colocalization if there was GFP staining around any portion of a bacterium. Complete absence of GFP staining around the entire bacterium was scored as negative. Data are represented as mean percentage Ϯ SE from three coverslips.
Online Supplemental Material. 
Results

Uptake of Y. pseudotuberculosis Is Associated with Efficient
Recruitment of PIP5K ␣ onto Nascent Phagosomes. To determine the subcellular localization of PIP5K during invasinmediated uptake, COS1 cells transfected with a plasmid expressing an epitope-tagged version of PIP5K ␣ were incubated with a Y. pseudotuberculosis strain that requires invasin for cell association (refer to Materials and Methods). To distinguish between bacteria actively undergoing internalization and bacteria that have been completely internalized into an intracellular compartment, an assay requiring protection of the bacteria from antibody probing in the absence of membrane permeabilization was used (refer to Materials and Methods). Bacteria that are partially protected from antibody probing ( Fig. 1 A and B , Yersinia that have red-colored poles) are defined as being partially internalized. We observed that PIP5K ␣ was recruited around partially formed phagosomes with almost 100% efficiency ( Fig. 1 E) . The enzyme persisted on the phagosome after bacterial internalization, although completely internalized Y. pseudotuberculosis showed reduced colocalization with PIP5K␣ ( Fig. 1 E) .
It appeared that the kinase activity of PIP5K␣ enhanced the affinity of the protein for the Y. pseudotuberculosis phagosomes ( Fig. 1 E) , reminiscent of previous results (39) . When COS1 cells harboring a kinase-dead variant of PIP5K␣ (PIP5K␣D227A) were challenged with Y. pseudotuberculosis, the protein associated as efficiently as the WT protein on a per phagosome basis ( Fig. 1 E) , but PIP5K␣D227A was lost from a significant fraction of the internalized phagosomes ( Fig. 1 E, 25% of phagosomes associated with PIP5K␣D227A). Consistent with recent evidence that the ␥ isoform of PIP5K is associated with integrin-dependent signaling processes (41, 42), we found that transfected PIP5K␥ also colocalized about nascent phagosomes (see Fig. S1 , available at http://www.jem.org/cgi/content/full/ jem.20021363/DC1). The intensity of colocalization of the ␥ isoform was significantly higher than for a fusion between the Lyn myristoylation domain and GFP, a marker of enhanced membrane thickness (see Supplemental Materials and Methods, available at http://www.jem.org/cgi/ content/full/jem.20021363/DC1; P Ͻ 1.14E-07), arguing against fortuitous concentration of the kinase.
Overexpression of the kinase-dead PIP5K␣ resulted in only a small reduction in uptake efficiency using the simple assay described above (unpublished data; P ϭ 0.05), and showed much less dramatic effects than had been previously reported in regards to Fc␥ receptor-mediated phagocytosis (37) . As it has been reported that the related kinasedead PIP5K␤ isoform has interfering effects on endocytosis (40) and that expression of derivatives of the ␥ isoform interfered with cell spreading (41, 42), we also analyzed kinase-dead versions of these isoforms. They showed no detectable interference in our assay system (unpublished data).
Localized and Transient Production of PIP 2 on Nascent Phagosomes. To determine the localization of PIP 2 during bacterial uptake, Y. pseudotuberculosis was incubated with COS1 cells transfected with a construct expressing the phospholipase C ␦ pleckstrin homology domain (PLC␦-PH) tagged with GFP (43, 44) . As was observed with PIP5K␣, PIP 2 was concentrated on partially formed phagosomes (Fig. 2 A) . To verify the specificity of the PIP 2 visualization by GFP-PLC␦-PH, a GFP-PLC␦-PH K32E mutant that is defective in PIP 2 binding was used. GFP-PLC␦-PH K32E did not colocalize with internalized bacteria at all, and only weakly with partially internalized bacteria (compare Fig. 2 , B and C). This detection of PIP 2 at bacterial adhesion sites was due to increased plasma membrane density of the lipid, rather than to simple accumulation of bulk membrane material around the bacterium. When a control marker for plasma membrane, Lyn-GFP, was compared with GFP-PLC␦-PH there was a clear enhancement of the signal for PIP 2 relative to the plasma membrane marker. This was demonstrated by determining the ratio of average GFP pixel density at bacterial adhesion sites relative to sites on the membrane in which there were no adherent bacteria. The increased accumulation of PIP 2 (2.3 Ϯ 0.32 SEM, n ϭ 22) was significantly higher than that for plasma membrane marker Lyn-GFP (2.0 Ϯ 0.3 SEM, n ϭ 21, P ϭ 0.003). This result is very similar to what had been observed for accumulation of PIP 2 around phagocytic cups during Fc␥ receptor-mediated internalization of erythrocytes (36) . PIP 2 was rapidly lost from the fully internalized phagosomes, as had been observed previously for Fc␥ receptormediated phagocytosis (Fig. 2 E; reference 36) . To examine the turnover of PIP 2 during bacterial uptake, we performed a pulse-chase experiment involving a 20-min infection (pulse) followed by a postwash incubation (chase) for up to 60 min. At all time points, half-internalized bacteria had intense levels of PIP 2 (unpublished data). After 20 min of uptake and 0 min of chase, less than half of the enclosed phagosomes were PIP 2 ϩ , whereas after 60 min of chase, only 10% of the phagosomes were PIP 2 ϩ (Fig. 2 E) . To determine if the rapid loss of PIP 2 from Yersinia-containing phagosome was specific to PIP 2 or due to disruption of the integrity of phagosomal membrane, we repeated the pulse-chase infection protocol by using GFP-tagged PH domain from Akt (GFP-Akt-PH) to visualize the location of phosphoinositol-3,4,5-phosphate (PI(3,4,5)P) 3 and PI(3,4)P 2 in cells (Fig. 2 D) . GFP-Akt-PH staining was observed on up to 75% of internalized Yersinia after 60 min of chase, indicating that the integrity of phagosomal membrane remained intact during the chase period (Fig. 2 E) . 2 Concentration in the Cell. To determine if PIP 2 plays a functional role during invasin-promoted uptake, the effect of lowering the cellular concentration of PIP 2 on bacterial uptake was examined. To this end, COS1 cells were transfected with a plasma membrane-targeted PIP 2 -specific phosphatase, Lyn-CFP-Inp54p, which has been successfully used to reduce PIP 2 levels (refer to Materials and Methods; 44). Expression of Lyn-CFP-phosphatase resulted in a 40% reduction of uptake efficiency compared with the control cells transfected with Lyn-CFP (Fig. 3 A; P ϭ 0.001). In contrast, there was no significant effect of the phosphatase on the ability of bacteria to bind to cells (Fig. 3 A) .
Uptake Efficiency of Y. pseudotuberculosis Is a Function of PIP
The above result indicates the involvement of PIP 2 in Yersinia uptake, but the reduction in uptake was not as severe as observed for cells transfected with the dominant interfering Rac1N17 derivative, which caused a 74% reduction relative to controls (Fig. 3 A; reference 17) . The substantial level of uptake in the presence of the phosphatase might be due to a PIP 2 -independent uptake pathway, or the phosphatase might be inefficient at lowering PIP 2 levels in the cell. To distinguish between these possibilities, the ability of PIP 2 to be formed at the bacterial adhesion site before uptake was analyzed in cells transfected with the phosphatase (Fig. 3 B) . This was assayed by introducing Y. pseudotuberculosis onto COS1 cells transfected with YFP-PLC␦-PH in the presence of either Lyn-CFPphosphatase or a Lyn-CFP control, and determining the efficiency at which YFP-PLC␦-PH colocalized with bound bacteria. Cells transfected with the PIP 2 -phosphatase showed a 33% reduction relative to the control in colocalization of YFP-PLC␦-PH with bound bacteria (Fig. 3 B , %PLC-PH positive; P ϭ 0.003). The effect of the phosphatase was specific, as it had no effect on the level of colocalization of 3-PI lipids (Fig. 3 B, %Akt-PH positive) . Thus, the residual uptake seen in the PIP 2 -phosphatasetransfected cells can be explained by the fact that the levels of PIP 2 remaining in such cells might be sufficient to support uptake.
Arf6 Localizes to the Nascent Phagosomes and Regulates Integrin-mediated Uptake. The activity of PIP5K is stimulated in extracts by the GTP-bound form of Arf6 (31) . Therefore, the effect of overproduction of Arf6 derivatives was tested next. Uptake was greatly enhanced by transfection of cells with a plasmid harboring Arf6, as the uptake efficiency in Arf6 WT-transfected cells (81 Ϯ 2%, n ϭ 3) was increased by 47% when compared with untransfected cells (55 Ϯ 4%, n ϭ 3; Fig. 4 A; P ϭ 0.0002). The number of cell-associated WT Yersinia bound per COS1 cell, on the other hand, was identical in Arf6 WT-transfected cells and in untransfected cells in this experiment (Fig. 4 A) . The ac- 
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PIP 2 and Arf6-dependent Bacterial Uptake tivated form of Arf6, Arf6Q67L, had similar stimulatory effects on uptake (unpublished data). To determine if this stimulation were the result of WT Arf6-inducing nonspecific bacterial uptake, the Arf6 WT-transfected cells were challenged with Y. pseudotuberculosis invD911A, which allows low affinity binding of the bacteria to host cells without subsequent uptake. The transfectants were unable to internalize the bound bacteria, arguing against Arf6 causing nonspecific stimulation of uptake (see Fig. 6 J) .
To further examine the role of Arf6 in invasin-mediated uptake, the effect of the dominant interfering Arf6N122I mutant that assumes a guanine nucleotide-free state was investigated. Transfection of Arf6N122I caused a 27% decrease in uptake efficiency (40 Ϯ 2%, n ϭ 3) relative to untransfected cells (55 Ϯ 4%, n ϭ 3; Fig. 4 A; P ϭ 0.002). The uptake efficiency in the presence of this derivative, therefore, was Ͻ50% of that observed in transfectants harboring the WT form of Arf6 (Fig. 4 A) . Under these conditions, there were approximately six times as many extracellular bacteria in the Arf6N122I transfectants as were seen with the Arf6 WT transfectants (unpublished data). COS1 cells overproducing Arf6 N122I had about the same number of cell-associated bacteria as untransfected COS1 cells, arguing that altered bacterial association with the target cells could not explain the defective uptake exhibited by cells expressing this mutant (Fig. 4 A) .
Consistent with Arf6 playing a functional role in invasinmediated uptake, we observed that Arf6 WT (Fig. 4 , B and C) efficiently colocalized with Y. pseudotuberculosis phagosomes. The dominant interfering Arf6N122I, however, localized to intracellular vesicles and was not associated with phagosomes (Fig. 4, D and E) .
The Lowering of PIP 2 Formation on Phagosomes by Dominant Interfering Forms of Arf6 and Rac1
Occurs via Different Mechanisms. As both Arf6 and Rac1 are implicated in regulating the activity of PIP5K, the role of these proteins in controlling PIP 2 production on nascent phagosomes was analyzed. COS1 cells transfected with GFP-PLC␦-PH together with Rac1 WT, Rac1 N17, Arf6 WT, or Arf6 N122I were challenged with Y. pseudotuberculosis for 20 min and localization of PIP 2 around extracellularly bound bacteria was analyzed. Significantly fewer extracellular bacteria had PIP 2 staining in cells transfected with Rac1N17 (41 Ϯ 7%, n ϭ 3) than cells transfected with Rac1 WT (63 Ϯ 6%, n ϭ 3; Fig. 5 , A, B, and I; P ϭ 0.015). Similarly for Arf6, fewer bacterial adhesion sites stained positively for PIP 2 in Arf6 N122I-transfected cells (53 Ϯ 3%, n ϭ 3) than Arf6 WTtransfected cells (71 Ϯ 1%, n ϭ 3; Fig. 5 , C, D, and I; P ϭ 0.0006). These results suggest that Rac1 T17N and Arf6 N122I interfere with the endogenous production of PIP 2 at the phagosomal membrane.
To understand how the dominant inhibitory forms interfered with PIP 2 production, the recruitment of PIP5K␣ onto phagosomal membranes surrounding extracellular bacteria was analyzed. Double transfectants of COS1 cells, in which cells harbored clones of PIP5K␣ WT plus either Rac1 WT, Rac1T17N, Arf6 WT, or Arf6 N122I, were infected with Y. pseudotuberculosis for 20 min. Extracellular bacteria were then scored for the presence of PIP5K␣. Rac1T17N-transfected cells showed a reduction of PIP5K␣ recruitment (44 Ϯ 4%, n ϭ 3) relative to Rac1WT-transfected cells (64 Ϯ 4%, n ϭ 3; Fig. 5 , E, F, and I; P ϭ 0.003). In contrast, the levels of PIP5K␣ recruitment in Arf6 N122I-transfected cells (65 Ϯ 8%, n ϭ 3) and in Arf6 WT-transfected cells (65 Ϯ 2%, n ϭ 3) were identical (Fig. 5, G-I) . These results indicate that Rac1 regulates the recruitment of PIP5K␣ to the phagosome, whereas Arf6 controls the level of PIP5K␣ activity of membrane-recruited kinase. 
Wong and Isberg
Recruitment of Rac1, PIP5K␣, Arf6, and PIP 2 onto Nascent Phagosomes Requires High Affinity Binding to ␤ 1 Integrins. As described above, the Y. pseudotuberculosis invD911A mutant that is defective for integrin binding adheres to host cells, but does not promote uptake (Fig. 6 J) . To examine whether low affinity binding to integrins is sufficient to recruit factors involved in uptake, COS1 cells harboring clones expressing GFP-PLC␦-PH, PIP5K␣ WT, Rac1 WT, or Arf6 WT were challenged for 20 min with Y. pseudotuberculosis inv ϩ or invD911A. To compensate for the fact that bacteria expressing the invasinD911A remain mostly extracellular, potentially reducing the availability of factors normally associated with nascent phagosomes, we used an MOI of 10:1 for the mutant in this experiment, instead of 50:1 used for the WT. Even allowing for such a possibility, it was clear that although the WT invasin protein stimulated recruitment of Rac1 (Fig. 6, A and E) , Arf6 (Fig. 6, B and F) , PIP5K␣ (Fig. 6, C and G) , and PIP 2 (Fig.  6, D and H) around extracellular bacteria, the invasin D911A mutant failed to do so (Fig. 6 I) . Experiments in which both WT and mutant were infected at identical MOI gave results identical to those displayed in Fig. 6 I (unpublished data). These data indicate that high affinity binding of invasin to integrin receptors is necessary for the recruitment of Arf6, PIP5K␣, and PIP 2 to the site of bacterial adhesion.
Bypass of Rac1 Function During Y. pseudotuberculosis by Arf6 and PIP5K. Unlike the Y. pseudotuberculosis strain used in this study, the WT strain delivers the YopE Rho GTPase activating protein (GAP) into mammalian cells upon host cell contact (15, 16) . YopE inactivates Rho, Rac1, and Cdc42 by stimulating their GTP hydrolysis activity and inhibiting bacterial uptake, probably by blocking Rac1 function (15) . As both Arf6 and PIP5K are able to stimulate novel cytoskeletal events (32, 33, 45) , these two proteins were overproduced to determine if they could bypass the loss of Rac1 activity that results from YopE deposition. As a positive control for bypass of YopE, cells were transfected with the constitutively active RacV12, which is insensitive to YopE, to determine the maximum level of uptake in the presence of inactivation of endogenous Rac1 (15) .
A Y. pseudotuberculosis strain (YP17 pyopE) was grown under conditions that maximize expression of YopE (15) and used to challenge COS1 transfectants. Cells overex- 
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PIP 2 and Arf6-dependent Bacterial Uptake pressing WT Arf6 under these conditions ( Fig. 7; 14.8 Ϯ 2.4%, n ϭ 3) supported bacterial uptake almost as efficiently as Rac1V12-transfected cells did (Fig. 7 A; 17.6 Ϯ 3.2%, n ϭ 3), whereas only minimal uptake was detected in untransfected cells (Fig. 7 A; 0.6 Ϯ 0.3%, n ϭ 3). As noted above for a different bacterial strain background, Arf6 also stimulated the uptake efficiency of bacteria not producing YopE and the magnitude of this effect was similar to what was observed for the constitutively active Rac1V12 (Fig. 7 B; reference 17) . It should be noted that even in the case of Rac1V12, bypass of the uptake inhibition caused by YopE is far from complete (compare uptake levels in Fig. 7, A and B) . Nevertheless, Arf6 overproduction is clearly as efficient as overproducing a target protein that is insensitive to YopE.
Transfectants harboring clones expressing PIP5K␣ showed a behavior that was similar to that observed for the Arf6 transfectant, but the magnitude of the bypass was less dramatic. When challenged with Y. pseudotuberculosis yopE ϩ , cells overexpressing WT PIP5K␣ internalized approximately seven times as many bacteria as the untransfected control (Fig. 7 A; 4.2 Ϯ 1.2% vs. 0.6 Ϯ 0.3%). There was no increase in the number of bound bacteria (Fig. 7, C and D) and no such stimulation of uptake efficiency was observed in cells overexpressing the kinase-dead PIP5K␣D227A mutant (Fig. 7 A; 0.6 Ϯ 0.7%, n ϭ 3) , indicating that the kinase activity was responsible for the elevated uptake in PIP5K␣-expressing cells. The PIP5K␣-mediated stimulation of uptake, however, was only observed when Rac1 function was eliminated. Untransfected cells, as well as cells overproducing either WT or kinasedead PIP5K␣ had similar uptake levels when challenged with the isogenic Y. pseudotuberculosis strain that lacks YopE expression (Fig. 7 B; strain YP17 ). This indicates that PIP5K activity in the cell is limiting for uptake only when Rac1 function is eliminated.
As both overproduction of PIP5K␣ and Arf6 resulted in enhanced uptake in the presence of YopE, we determined whether enhanced expression of these proteins also allowed corresponding increases in the formation of PIP 2 after challenge with Y. pseudotuberculosis YopE ϩ . To this end, Y. pseudotuberculosis strains were incubated for 5 min with COS1 cell monolayers that had been cotransfected with the plasmid encoding GFP-PLC␦-PH and each of the four plasmids used to demonstrate bypass of Rac1 function. Shorter incubation times were used than in previous experiments because cells challenged for 20 min with bacteria encoding YopE had rounded morphologies, making it difficult to score cells for PIP 2 localization. There was a significant increase in the number of extracellular bacteria that stained positively for PIP 2 in PIP5K␣-transfected cells (PIP5K, 36 Ϯ 8%, n ϭ 3; Fig. 7 E) when compared with either PIP5K␣D227A-transfected cells (23 Ϯ 3%, n ϭ 3, P ϭ 0.026; Fig. 7 E) or cells transfected with GFP-PLC␦-PH alone (control, 23 Ϯ 1%, n ϭ 3, P ϭ 0.025; Fig. 7 E) . A larger stimulation of PIP 2 colocalization was observed in cells transfected with plasmids encoding Arf6 or Rac1V12 after challenge with Y. pseudotuberculosis YopE ϩ , consistent with the more potent bypass that resulted from overproduction of these proteins compared with PIP5K␣ (P ϭ 0.007 relative to control; Fig. 7 E) . In the absence of YopE, stimulation of PIP 2 formation by PIP5K␣ was not observed (Fig. 7 F) , consistent with the lack of stimulation of bacterial uptake by PIP5K␣ (Fig. 7 B) . Therefore, in the presence of Rac1 inactivation, the increased uptake of bacteria that resulted from PIP5K␣ overproduction was accompanied by enhanced PIP 2 formation at the site of bacterial binding. In addition, conditions that resulted in Arf6 stimulation of bacterial uptake (Fig. 7, A and B) were also accompanied by increased PIP 2 formation (Fig. 7, E and F) .
Discussion
In this report, integrin-promoted bacterial uptake is used as a model for analyzing the internalization of a bacterial pathogen by mammalian cells. Evidence is provided that a PIP 2 -dependent pathway regulated by Arf6 is associated with internalization initiated by engagement of integrin receptors.
Recently, it has been hypothesized that PIP 2 cannot provide the initial signal for actin polymerization because the concentration of this lipid in the plasma membrane is too high for it to play this role (46) . Rather, it is proposed that PIP 2 provides the information necessary to control the direction of actin polymerization relative to the plasma membrane (46) . The results presented here do not argue against this model in any way, but they do point out that local concentrations of PIP 2 in the plasma membrane may play an important regulatory role. PIP5K␣ was rapidly recruited to the site of bacterial binding, presumably for the purpose of increasing the concentration of PIP 2 . In addition, partial depletion of PIP 2 resulted in a proportional loss in uptake efficiency (Fig. 3) . Although these results do not mean that production of PIP 2 is the initiating signal for uptake, they do indicate that uptake may require rather high local concentrations of the lipid.
There are two possible reasons for PIP 2 being concentrated at the site of bacterial uptake. First, this would allow the proper orientation, activation, and coalescence of a variety of PIP 2 -binding proteins involved in controlling actin dynamics (20, 27, 29, 47) . The activity of PIP5K at the site of bacterial binding could facilitate interactions between PIP 2 -binding proteins and allow the concentrations of these factors to rise above a critical threshold level necessary for successful bacterial internalization. The second possibility is that PIP 2 is a precursor of another signaling molecule that has to be concentrated at the site of bacterial binding to promote initiation of actin polymerization. Similar to the results in this report, Botelho et al. (36) have shown that in macrophages, PIP 2 accumulates transiently around IgG-coated red blood cells before their phagocytosis. The authors associated the rapid loss of PIP 2 during phagocytosis with an increase in diacylglyerol production due to phospholipase C␥ activity, and argue that products of phospholipase C␥ provide signals required for uptake. We similarly observed a rapid loss of PIP 2 from the phagosomal membrane (Fig. 2) , but it is possible that this may have resulted from the production of yet a third lipid signal, PI(3,4,5)P, which uses PIP 2 as a precursor (Fig. 2 E) . Among the PI3P products, PI(3,4,5)P may provide the unique signal necessary for integrin-mediated uptake.
We demonstrated that WT (Fig. 4) or activated Arf6 (unpublished data) stimulated integrin-mediated uptake, and that a nucleotide-free form of Arf6 (Arf6N122I) interfered with uptake. The stimulation observed is quite unusual and has not been observed in other phagocytic events. Phagocytic uptake by Fc␥ receptor is regulated by Arf6 activity as well (34, 35) , but it is much more sensitive to alterations in Arf6 activity than observed here. The GTP-and GDP-bound forms of Arf6 interfered with Fc␥-mediated phagocytosis in one report (35) , and overexpression of the WT protein interfered in another study (34) . One potential explanation for the contrast with invasin is 612 PIP 2 and Arf6-dependent Bacterial Uptake that the work reported here involves a surface area that is considerably less than that analyzed in the previous work. In the studies on Fc␥ receptor, phagocytosis of either erythrocytes or 3-m beads was analyzed (surface areas of 100 and 28 m 2 , respectively), whereas Y. pseudotuberculosis is a 1.5-m rod (surface area ϭ 3.4 m 2 ). As the phagocytosis of large particles is known to require acquisition of membrane from some intracellular sites (48, 49) , it is conceivable that activated Arf6 could interfere with this event (50) .
There is accumulating evidence that Arf6 regulates PIP 2 concentrations in the cell (31, 50) . A previous report indicated that the Arf6N122I mutant, predicted to be defective for nucleotide binding, blocked the translocation of PIP5K to membrane ruffles (31) . We observed no such defect in recruitment of the kinase to surface-bound bacteria in the presence of this mutant (Fig. 5) . Instead, this mutant caused a reduction in the number of bound bacteria having associated PIP 2 , implying that it interfered with the activation of the membrane-associated kinase and not its localization. A factor more likely to play a role in recruitment of PIP5K to the site of bacterial binding is Rac1, as the interfering Rac1N17 mutant reduced the efficiency of PIP5K recruitment to bound bacteria, with a resulting lowered efficiency of PIP 2 formation at these sites. This is consistent with results regarding thrombin-induced membrane translocation of PIP5K␣ in COS7 cells transfected with thrombin receptor (51) . Taken together with our results on Arf6, we suggest a two-step model for PIP 2 formation at sites of actin polymerization on nascent phagosomes. PIP5K is initially recruited by Rac1-GTP onto the plasma membrane, followed by subsequent activation of membrane-bound PIP5K by Arf6-GTP. A major caveat regarding this interpretation is that in these experiments, we are expressing an inhibitory protein that depresses both phagosome formation and recruitment of another molecule. As a result, we cannot easily determine whether lack of recruitment is due to lowered phagosome formation or due to the direct action of an inhibitor preventing a molecule from being recruited to the site of phagocytosis. It should be pointed out, however, that we can generate conditions in which PIP5K can be recruited to some sites of bacterial binding without colocalization of GFP-PLC␦-PH, the probe for PIP 2 formation. This argues either that: (a) inhibition of phagosome formation does not necessarily result in lack of recruitment of molecules involved in uptake, or else (b) the formation of membrane invaginations that might be precursors to phagosome formation does not necessarily lead to formation of PIP 2 . In this particular case, therefore, some evidence exists for separation of effects.
One of the most striking results reported here is the ability of either overproduced Arf6 or PIP5K␣ to overcome the uptake deficit caused by YopE deactivation of Rho family members (Fig. 7) . The basis for this bypass is that both Arf6 and PIP5K appear to be capable of initiating actin polymerization events that, at least in the case of Arf6, may not require Rac1 and Cdc42 (33) . Overproduction of either PIP5K␣ or the activated Arf6Q67L form have been demonstrated to stimulate intracellular vesicle motility and associated actin comet formation (32, 33) , although it is unclear whether this transport is part of some natural cellular process. Furthermore, bypass of Rac1 function by overproduction of Arf6 has been observed previously, as cytoskeletal rearrangements induced by constitutively active Arf6Q67L can occur in the presence of the interfering Rac1N17 protein (45) .
There are two possible explanations for why overproduction of Arf6 leads to more efficient bypass of Rho family function than does overproduction of PIP5K␣: either activation of PIP5K is not the only role played by Arf6 in uptake, or overproduced PIP5K␣ is not sufficiently active under conditions of YopE deposition to allow high level uptake to occur. There are several arguments in favor of the explanation that Arf6 plays roles other than simply activating PIP5K. Particle movement induced by Arf6Q67L occurs in the presence of antibodies to PIP 2 , indicating that cytoskeletal events promoted by Arf6 do not necessarily require PIP5K activity (33) . Furthermore, Arf6Q67L is known to bind to proteins other than PIP5K, such as POR1/arfaptin 2, a protein that appears to connect the Arf6 and Rac1 signaling pathways (45) . There might be alternative effectors, as well, that directly translate Arf6 signals to the cytoskeleton. Finally, overproduction of PIP5K is fully capable of inducing organelle movement without any additional activators being added to the cell, although it is not clear if organelle movements in this case can take place under conditions of Rho family depletion (32) .
The PIP 2 bypass of a blockage of Rac1 function has been observed in vitro. The addition of PIP 2 to platelet extracts can overcome a block in actin filament formation resulting from the presence of GDP␤S in Rac1-containing extracts (27) , but such a bypass had not been observed previously in intact cells. As the entire process of bacterial internalization is presumably more complicated than the elongation of actin filaments mediated by PIP 2 , there must be some factor that is able to coordinate the movement of the plasma membrane around the bacterium and the polymerization of actin in the absence of Rac1 function. Perhaps that factor is Arf6. This protein may act as both an upstream activator of PIP5K as well as a downstream regulator, necessary to coordinate membrane traffic and cytoskeletal events involved in closure of the phagosome. This is consistent with the model that Arf6 exchange factors bind PIP 2 (52) , allowing activation of Arf6 at sites of high PIP 2 concentrations. Any potential roles for Arf6 activity located downstream of PIP 2 formation will clearly require further investigation, and are of great interest in regards to fully elucidating integrinmediated bacterial uptake.
